Melamine, possessing three free amino groups and three aromatic nitrogen atoms in its molecule, has great potential as an adsorbent for metal ions. We investigated three impact factors of the adsorption process: the initial pH of the vanadium solution, contact time and reaction temperature.
INTRODUCTION
Vanadium is an important metal used for manufacturing iron, steel, non-ferrous metals, and petrochemicals because of its excellent properties ( The traditional methods for vanadium recovery include chemical precipitation with ammonium salt (Kang et al. ) , ion exchange (Fan et al. ) , and solvent extraction (Zeng & Cheng ; Li et al. ) . However, the chemical precipitation methods add ammonium salt, which may result in potential pollutants such as NH 4 þ -N in the water. Solvent extraction (Tavakoli & Dreisinger ) and ion exchange (Fan et al. ) are two effective methods for extracting vanadium from solutions, but because of the strong basic nature and the low vanadium concentration of the solution, direct extracting of vanadium was extremely difficult. The adsorption method plays a vital role in many areas of practical environmental technology, and is mainly applied in wastewater treatment owing to several advantages such as high-efficiency, simple operation, and ease of regeneration (Liu et al. ) . The amino groups in 1,8-diaminonaphthalene was using in absorbing metal ions, and it could complex with metal ions and form complex compounds (Li et al. ) . Melamine, which has three free amino groups and three aromatic nitrogen atoms in its molecule, was also used to absorb silver ions and showed good performance (Huang et al. ) . Recent studies (Tao et al. ) showed that melamine was a good absorbent for vanadium, but there were no thorough studies aiming to investigate the mechanism of the vanadium adsorption process with melamine. Considering the potential applicability of this technology in vanadium industries, there is a need to perform a systematic study of vanadium adsorption with melamine.
This study was focused on the adsorption kinetics and isotherms of vanadium with melamine. We investigated three impact factors of the adsorption process: the initial pH of the vanadium solution, contact time and reaction temperature. The experimental data were fitted with the pseudosecond-order model. We also discuss the parameters that affect the isotherms of the adsorption process. This study not only generates useful data of vanadium adsorption with melamine, but also provides solid evidence of melamine being a potential adsorbent of vanadium for industrial applications.
MATERIAL AND EXPERIMENTAL METHODS

Materials
All the reagents were analytical grade, including sulfuric acid, sodium vanadate, and melamine that were used for precipitation reaction and phosphoric acid, ammonium ferrous sulfate, hexamethylenetetramine, potassium permanganate, and N-phenylanthralinic that were used in the chemical analysis.
The vanadium solution for the experiments was prepared by dissolving sodium vanadate in deionized water. The deionized water used in the experiments was produced by a water purification system (HMC-WS10).
Adsorption experiments
A series of experiments were conducted to investigate the vanadium adsorption process with melamine. All experiments were performed in a glass beaker with a thermostatic mixing water bath pot. A predetermined amount of sodium vanadium and deionized water was added to the beaker to produce a homogeneous solution with the concentration of vanadium of 10 g/L under constant stirring. Subsequently, the pH value of the solution with sulfuric acid was adjusted to 1-4. The solution was heated to a predetermined temperature ranging from 293 K to 363 K. Next, the melamine was added to the beaker. After the required reaction time (from 10 to 60 min) had lapsed, the filtrate was separated from the precipitation through vacuum filtration.
Titration with ammonium ferrous sulfate was used to determine the concentration of vanadium in the filtrate (Wang ). Adsorption amount of vanadium was calculated using the following formula:
where Q is the adsorption amount of vanadium, mg/g; C 1 is the total vanadium concentration in the vanadium aqueous solution, g/L; V 1 is the volume of vanadium aqueous solution, mL; C 2 is the total vanadium concentration in the filtrate after the reaction, g/L; and V 2 is the volume of filtrate after the reaction, mL; m is the mass of melamine used in the experiment, g.
RESULTS AND DISCUSSION
Effect of pH
The effect of initial pH of the solution on adsorption amount of vanadium (Q) with melamine is shown in Figure 1 . The results showed that Q decreased with the increasing of the initial pH value of the solution. Q was 1,999.5 mg/g when the pH value was 1.07, and it decreased to 1,677.9 mg/g when the pH increased to 3.18. The vanadium was present as cationic form in the solution in low pH and was easy to be absorbed, and then transferred to anionic form as the pH increased (Banwen & Yuji ) , as shown in Figure 2 , which was difficult to be absorbed. Therefore, from this experiment, it could be concluded that the lower the initial pH value of the solution was, the higher the adsorption amount of vanadium was.
Effect of contact time
The results in Figure 3 showed that vanadium uptake was relatively rapid for the first 10 min and then increased slowly. The adsorption amount of vanadium increased from 1,829.29 mg/g to 1,989.68 mg/g with the increasing of contact time. The rapid phase might be due to the large number of vacant sites in this period, and the vanadium concentration gradient between the solution and the absorbent. Thereafter, a slower adsorption would follow as the available adsorption sites gradually decreased.
Effect of reaction temperature
The results from reaction temperature experiments are shown in Figure 4 . The adsorption amount of vanadium increased by just 0.02 mg/g, from 1,999.42 mg/g at 293 K to 1,999.44 mg/g at 363 K. It could be concluded that the increase of reaction temperature had little influence on the adsorption amount of vanadium.
Adsorption kinetics
In this study, vanadium adsorption from aqueous solution with time was analyzed by using the pseudo-second-order model, which usually describes not only the diffusion process but also the surface reaction process. The linear form of the pseudo-second-order equation by Ho & McKay () is given as Equation (2):
where Qe and Qt (mg/g) are the adsorption capacity at equilibrium and at time t, respectively. And k 2 (g/(mg min)) is the rate constant of pseudo-second-order sorption. The plot of t/Qt versus t (time) (Figure 5 ) could provide a linear relationship, from which the coefficients Qe and k 2 can be calculated. Shown in Figure 5 is the result from fitting the pseudosecond-order linear equation to the experimental data. The fitting parameters are listed in Table 1 . The correlation coefficient (R 2 ) for the pseudo-second-order equation was high, which suggested that the adsorption of vanadium with melamine could be represented more appropriately by the pseudo-second-order model. The morphology of melamine and adsorption precipitation was examined by scanning electron microscopy (SEM), as shown in Figure 6 . From Figure 6 , we could see that melamine had no obvious shape whereas the adsorption precipitation was formed of cubic-like shapes. During the reaction process, the vanadium ions were adsorbed on the surface of the melamine and formed the precipitation as cubic shapes shown in Figure 6 . It was an evidence that the adsorption kinetics could be described by the pseudosecond-order model which usually describes the surface reaction process.
Adsorption isotherms
In term of adsorption phenomena in certain temperature, the Langmuir equation and Freundlich equation are usually used to study the relationship between adsorption capacity and equilibrium adsorption of solute in the solution. The relationship of capacity with residual concentration of vanadium is shown in Figure 7 . The experimental data for vanadium adsorbed by melamine was compared using these two isotherm models. The linear form of the Langmuir and Freundlich equations are expressed in Equations (3) and (4).
where Qe is the adsorption capacity at equilibrium, mg/g; Ce is the equilibrium concentration, mg/L; Qm is the maximum adsorption capacity, mg/g; b is the Langmuir constant related to the free energy of adsorption; Kf is the Freundlich constant and n is the heterogeneity factor. The different equation parameters of these models often provide insight into the adsorption mechanism, the surface properties and affinity of the adsorbent. The parameters for Langmuir and Freundlich models are listed in Table 2 and linear plots are presented in Figures 8 and 9 , respectively. As result show, both Langmuir and Freundlich could simulate the adsorption process well as evidenced by high correlation coefficients. Moreover, the Langmuir model gave slightly better fitting than the Freundlich model as suggested by the former's higher R 2 value. The theoretical adsorption capacity of melamine was 1,428.57 mg/g. It was also evident from these data that the surface of the vanadium-melamine precipitation was made up of homogeneous adsorption patches rather than heterogeneous adsorption patches. The Langmuir constant b is a characteristic parameter related to the binding energy of solute and adsorbent. It reflects the spontaneous nature of the adsorption reaction. Namely the greater the value of b, the greater the spontaneous adsorption, so it had more stable of the product and better of adsorption capacity of vanadium (Wang & Ariyanto ) . In the experiment the b value was relatively low, which meant the adsorption product of vanadium and melamine was not stable and was easy to desorb; in other words, the melamine was easy to regenerate. The Freundlich constant n is a measure of the deviation from linearity of the adsorption, and its value is usually between 0 and 10. If n ! 2, the adsorption process is privilege type. If n > 1, the adsorption was favorable type (Hu & Shan ) . Therefore these results suggested that vanadium adsorption with melamine was privilege type.
CONCLUSIONS
(1) This study provides useful data and ample evidence on the adsorption of vanadium with melamine. (2) The adsorption kinetics could be accurately described by the pseudo-second-order kinetic model. (3) The isotherm of vanadium adsorption with melamine was found to follow both the Langmuir and Freundlich models, but it had slightly better fitting to the Langmuir model. According to the Freundlich model, the adsorption could be categorized as the privilege type. 
